Summary Resistance to multiple antitumour drugs, mostly antibiotics or alkaloids, has been associated with a cellular plasma membrane P-glycoprotein (Pgp), causing energy-dependent transport of drugs out of cells. However, in many common chemotherapy resistant human cancers there is no overexpression of Pgp, which could explain drug resistance. In order to characterise early steps in multidrug resistance we have derived a series of P-glycoprotein-positive (Pgp/+) and P-glycoprotein-negative (Pgp/-) multidrug resistant cell lines, from a human non-small cell lung cancer cell line, SW-1573, by stepwise selection with increasing concentrations of doxorubicin. These cells were exposed to doxorubicin and its fluorescence in nucleus (N) and cytoplasm (C) was quantified with laserscan microscopy and image analysis. The fluorescence N/C ratio in parent cells was 3.8 and decreased both in Pgp/+ and Pgp/-cells with increasing selection pressure to
The development of resistance of human cancers to potent anticancer agents has been classically ascribed to the selection and outgrowth of pre-existing or newly occurring subpopulations of resistant tumour cells (Carl, 1989; Coldman & Goldie, 1985; Skipper, 1986) . Great progress in the understanding of the mechanism of one type of in vitro derived resistance, the so-called multidrug resistance (MDR), was recently obtained from the successful cloning and transfection of the mdrl gene, which codes for a 170kDa plasmamembrane protein, called P-glycoprotein (Pgp) (Gottesman & Pastan, 1988; Hammond et al., 1989; Juranka et al., 1989; Lincke et al., 1990) . The role of this glycoprotein was elucidated by studying the phenotype of cell lines, transfected with mdrl (Gottesman & Pastan, 1989; Hammond et al., 1989; Juranka et al., 1989; Lincke et al., 1990) or selected in vitro for resistance to anticancer agents, such as anthracyclines and vinca alkaloids, colchicine and actinomycin D (Biedler et al., 1988; Bradley et al., 1988) . Thus Pgp was proven to confer multidrug resistance. Further it was proposed that Pgp functions as a plasma membrane pump for several classes of lipophilic drugs. Evidence for this was based on the predicted amino acid sequence of Pgp, which contained two consensus ATP binding sites, and on the demonstration of ATP-dependent drug binding to Pgp and energy-dependent drug efflux from Pgp/+ cells (Broxterman et al., 1988; Choi et al., 1988; Gros et al., 1986) . However, it has been shown that in some Pgp/ + cells with high levels of doxorubicin resistance the net change in cellular accumulation of drug was relatively modest, which was taken as argument against an important role of such a drug export protein in the resistance mechanism in these cells (Siegfried et al., 1983) . Recently we showed that in the Pgp/ + cells 2780AD and CHRC5, the resistance to doxorubicin could be quantitatively accounted for, when, in addition to doxorubicin accumulation, the distribution of doxorubicin between nuclear sites and cytoplasmic localisations was taken into consideration . The data suggested that these Pgp/+ cells had developed a resistance mechanism characterised by a decrease in net cellular doxorubicin accumulation, including the nuclear target sites, while accumulation in cytoplasmic structures was relatively unaffected.
We (Schuurhuis et al., 1987) . The 2 h exposure was carried out in medium lacking NaHCO3 in order to be able to compare the cytotoxicity data directly with drug accumulation and N/C ratio measurements (see below). The IC50 value for SW-1573 cells was lower (factor 2) in medium lacking NaHCO3 than in growth medium but no major differences in resistance factors were found when the two media were compared.
Resistance factors for the other drugs were determined in a cell proliferation assay by a continuous incubation with drugs as described Mosman, 1983) . A concentration of 32 tLM verapamil was used in order to obtain maximal effects on doxorubicin accumulation, cytotoxicity and intracellular drug distribution, since in case low level MDR cells are used these parameters do not differ much from those in sensitive cells. Previously dose-dependent effects of verapamil on these parameters have been shown (Schuurhuis et al., 1987 ).
Drug accumulation
Doxorubicin accumulation and accumulation-enhancement factor by co-incubation with 32JM verapamil (AEF) were determined by exposure of adhered cells to 0.5 fLM [14C]-doxorubicin (2 h, 37°C) in culture medium lacking NaHCO3, three rapid cold washes and subsequent trypsinisation of the cells; further procedures were essentially as described (Schuurhuis et al., 1987) . Zinn et al., 1983) . A T-actin probe was used to control for equal amounts of analysed RNA.
Results and discussion
Two separate series of resistant cells were selected by continuous exposure to 50, 80, 120 and 160 nM doxorubicin.
The cross-resistance pattern of the 2R series has recently been described Kuiper et al., 1990) Kuiper et al., 1990) . In Resistance factors (RF) were determined in a continuous incubation assay with drug as described Mosmann, 1983 Table I ). ND, not determined. which was more prominent, however, in the 4R series (Table  I) . Especially in the 2R series the accumulation defect would not be sufficient to fully account for the observed resistance factors. Doxorubicin accumulation, like doxorubicin resistance, could be modulated more effectively in the Pgp/ + cells (Table I) . Thus, while interaction of verapamil with Pgp seems to allow an effective modulation of doxorubicin resistance and accumulation, it does not prove that doxorubicin resistance and impairment of accumulation in these Pgp/+ cells is directly caused by Pgp.
We have shown before by a quantitative approach using laserscan microscopy and image analysis that a decrease in doxorubicin fluorescence nucleus/cytoplasm (N/C) ratio could be measured in the low level mdr Pgp/ + cell line 8226/dox 4 . Those . It was shown before that the similarity in intensity was not due to saturation phenomena because that a further increase of intensity occurs with a further increase of drug selection pressure . a separate selection with doxorubicin, the 4R series was derived (Tables I and II) which appeared to have overexpression of Pgp from the first selection step on, as determined at protein level with the monoclonal antibody MRK-16 (Table  II) and with a RNAase protection assay using a mdrl specific probe (Figure 1) (Tables I and II) , high vincristine and gramicidin D resistance in Pgp/+ cells and high etoposide resistance in Pgp/-cells (Table II) . Doxorubicin resistance could be modulated by coincubation with verapamil in 4R.Pgp/+ cells to a large extent (Table I) . In 2R.Pgp/-cells, however, the resistance modulation with verapamil was less effective (Table I) [3.6 ] N/C ratios (doxorubicin fluorescence in nucleus/doxorubicin fluorescence in cytoplasm) were measured as described for Figure 2 . a pgp negative cell lines. bSignificantly different from 3.77 (P <0.01, Student's t-test). cdeSignificantly different from N/C ratios minus verapamil: cP< 0.05; dp <0.02; 'P<0.01. Values in brackets represent factor increase of N/C ratios by verapamil. Data are from 2-6 independent experiments each performed in duplicate. distribution to the resistance phenotype may differ depending on the presence of Pgp. The fact that 4R160 cells have a lower N/C ratio than e.g. 4R50 cells, despite similar amounts of Pgp, indicates that the non-Pgp resistance mechanism might also be present in the 4R cells. However, it cannot be excluded that the high resistance to VP-16 in Pgp/-cells would be caused in part by additional changes such as an altered topoisomerase II activity .
Again, like for doxorubicin accumulation, for an effective modulation of doxorubicin fluorescence N/C ratio by verapamil the presence of Pgp seems to be a prerequisite (Table III , compare e.g. 2R120 with 4R120 cells). Remarkably, verapamil-induced changes in accumulation (Table I) together with changes in N/C ratios (Table III) (Table II) . In line with this stimulation of doxorubicin accumulation as well as reversal of resistance by verapamil was more prominent in the 4R80 cells (Table I) . Also the N/C ratio in 4R80 cells was relatively low, while its modification with verapamil was relatively high (Table III) .
In this study doxorubicin fluorescence N/C ratios are used operationally to probe mechanisms of drug resistance, related to changes in intracellular drug distribution. These ratios as such do not reflect the actual concentrations of doxorubicin in each compartment, since they do not take into account the quenching of doxorubicin fluorescence at several different localisations of the drug: quenching of doxorubicin fluorescence due to DNA intercalation has been estimated at 95% (Chaires et al., 1982) , while cytoplasmic fluorescence may be largely unaffected (Budge & Tritton, 1985; Tarasiuk et al., 1989) . We have used an independent technique to show that N/C ratio changes reflect changes in the actual compartmental amounts of doxorubicin. With this technique the ratio intercalated drug/non-intercalated fluorescent drug can be measured (Lankelma et al., 1990) . It was found that this ratio was 4.2 ± 0.6 in SW-1573 cells and 1.2 ± 0.2 in SW-1573/2R160 cells (M ± s.e.m. of two independent experiments). N/C ratio changes might also be found if certain drug binding sites in the cell are saturated at the relatively high drug concentrations which were used in the fluorescence assays. This is unlikely, however, since N/C ratios were shown to be independent of doxorubicin concentrations in the medium (J.H.M. de Lange, N.W. Schipper, G.J. Schuurhuis et al., manuscript submitted).
The molecular mechanism(s) responsible for the induction of decreases in doxorubicin N/C ratio are not yet known; in the SW-1573 cell lines the presence of Pgp is not required for this decrease to occur. One explanation would be the presence of a pump protein present at vesicular membranes oriented to pump drug inside such vesicles. However, in the case of Pgp, the antigenic determinant of MRK-16 could be detected only on the Golgi stack but not in other vesicles (Willingham et al., 1987) . Moreover, similar amounts of Pgp, as estimated with MRK-16 binding, do not seem to correlate with resistance factor or N/C ratios (compare e.g. 2R160 and 4R160 cells in the Tables I-III) . Thus, even after the induction of Pgp overexpression, the early, non-Pgp mediated mechanism, may still be operative. Since cytoplasmic pH was elevated in some resistant SW-1573 isolates, compared to SW-1573 parent cells as measured in medium without bicarbonate (Keizer & Joenje, 1989) , one possibility to be considered is that anthracyclines are forced to accumulate to a higher extent in an acidic vesicular compartment in the cell (Beck, 1987; Sehested et al., 1987) . Since even in steady-state the 2R.Pgp/-cells accumulated less doxorubicin (Table I) or vincristine (Kuiper et al., 1990) , an active extrusion process could be present. Active drug extrusion processes for different types of drugs, not related to Pgp overexpression, have in fact been reported recently (Henderson & Tsuji, 1990; Hindenburg et al., 1989; McGrath et al., 1989a,b) . In such highly resistant cells anthracycline resistance could also be related to differences in drug binding to nuclear and cytoplasmic bindings sites (Hindenburg et al., 1989) . Since different independently selected, lowly resistant isolates from SW-1573 cells showed the Pgp/-multidrug resistance , which now has been shown to be related to decreased doxorubicin N/C ratio's, a mutation in one gene product could be responsible for the observed resistance pattern in Pgp/-cells. The remarkably low resistance factors of 4R160 compared to 2R160 for both anthracyclines and etoposide, despite a similar Pgp expression further suggests that such a mechanism still prevails in the resistance of 2R160 Pgp/+ cells for these drugs. The combined measurement of doxorubicin accumulation and fluorescence N/C ratio's in tumour cells, isolated directly from patient's tumours would allow to investigate the role of drug transport resistance in failure of chemotherapy. Further, applying immunohistochemical staining techniques after N/C ratio measurements would allow a direct comparison of functional changes (reflected by N/C ratio changes) and the presence of resistance-related antigenic determinants (e.g Pgp) in individual cells.
